[1] We describe here the high-temperature (HT $ 700°C) and very high temperature (VHT $ 1000°C) recharge and discharge systems which are responsible for HT-VHT hydrothermal alterations at the oceanic ridge of origin in the crust of Oman ophiolites. The recharge system is a regular network of parallel microcracks, a fraction of a millimeter wide, which carries seawater to the walls of the magma chamber where hydrous melting is triggered. The discharge system is a network of clinopyroxene, pargasite gabbroic dikes issued from the hydrous melting; upsection, these HT-VHT gabbroic dikes grade into the well-documented low-temperature (LT) (400-500°C) hydrothermal veins. Microcracks, gabbroic dikes, and veins are preferentially parallel to the diabase-sheeted dikes and normal to magmatic lineations in enclosing gabbros. Thus the fractures of both the recharge and discharge systems are parallel to the paleoridge plane. In the brittle field, fracturing is induced by tensional stress related to seafloor spreading. In the ductile field and up to temperatures of $900°C, opening of microcracks is ascribed to the anisotropy of thermal contraction during gabbros cooling. Gabbro fabrics and anisotropy are such that the induced microcracks are also parallel to the ridge plane. Thermal contraction between 1200°C (temperature of magma chamber) and $700°C (brittle-ductile limit) produces a differential strain of 0.1% comparable to that deduced from width and spacing of microcracks in the gabbros. Simple estimates on activity time, fluid velocity, and fluid flux in microcracks account for all available data and suggest that in microcracks, activity was short lived and episodic. 
Introduction
[2] Following their discovery of a high-temperature (HT) seawater alteration in the crustal section of the Oman ophiolite, Manning et al. [2000] have developed a model of water circulation at depth based on their observation of a microcrack system in the altered gabbros. This model integrates the new results obtained from Oman and previous studies on the HT hydrothermal alteration in the crust of the East Pacific Rise drilled at Hess Deep [Manning et al., 1996] . They have concluded that this HT metamorphism had been produced by sporadic and short-lived (a few thousand years) events on the basis of temperature distribution deduced from amphibole-plagioclase pairs and of achievement of only local chemical equilibration in amphibole. They also observed that their measured temperatures, ranging from 700°C upsection to 825°C at Moho depth, bracket the 700 -750°C brittle-ductile transition in the oceanic crust as deduced from the maximum depth of earthquake foci near ridge axes. They ascribe the alteration to a cracking front penetrating the top of the gabbro section at $1 km away from the ridge axis and reaching the Moho within $6 km away from it, at temperatures well above the 550°C cracking front temperature at Moho depth estimated by Lister [1974] . Also integrating structural elements, D. Bosch et al. (Deep and high temperature hydrothermal circulation in the Oman ophiolite: Petrological and isotopic evidence, submitted to Journal of Petrology, 2002, hereinafter referred to as Bosch et al., submitted manuscript, 2002) have extended to the entire Oman-United Arab Emirates (O-UAE) ophiolite belt, Manning and his coworkers' local study of the HT hydrothermal alteration of the gabbro unit. They recognize the same HT system, but also describe a new very high temperature (VHT $ 1000°C) and medium temperature (MT) alteration systems which relay at a greater depth and higher temperature (up to around 700°C) the well-known low-temperature (LT 500°C) hydrothermal alteration along veins [Nehlig et al., 1994] . All these hydrothermal systems are ubiquitous in these gabbros. On the basis of petrological and geochemical arguments, Bosch and coworkers discuss the origin of the fluid responsible for the HT-VHT hydrothermal alteration and conclude that with a possible minor contribution of mantle-derived fluid, it is essentially seawater derived.
[3] Complementing the description of a HT-VHT pervasive hydrothermal alteration in the O-UAE gabbros by Bosch and her coworkers, we describe here a new system of straight and parallel HT-VHT microcracks, which has been systematically studied in thin sections from the Oman-UAE gabbros. In their study on fluid inclusions in a suite of hydrothermally altered gabbros recovered from the Mid-Atlantic Ridge, Kelley and Delaney [1987] report similar microcracks. Simultaneously, a system of hydrated gabbroic dikes, which grade into the LT hydrothermal veins was mapped in the course of a new and extensive field study complementing earlier ones [Nicolas et al., 2000a] . Together with other groups [Kelemen and Aharonov, 1998 ], we had observed such dikes in the O-UAE ophiolite, which were so far considered as being related to the feeding of the crustal magma chamber. The microcracks and the gabbroic dikes -hydrothermal veins networks share the same general orientation and could be interpreted as the main components of the plumbing system driving seawater, near oceanic ridges, down to the Moho and back to the surface. The wealth of structural data, which are now available in Oman, opens the way for a new investigation of the physical mechanisms, which are responsible for the hydrothermal circulation throughout the oceanic crust near ridge axis. Further, these fracture networks can be related to the ridge structure and dynamics by comparing them to the sheeted dike complex and the magmatic flow structures of the host gabbros. This investigation is the object of the present study.
HT and VHT Alteration in the Crustal Gabbros
[4] The systematic study of HT-VHT hydrothermal alteration in the O-UAE ophiolite conducted by Bosch et al. (submitted manuscript, 2002) was based on 500 gabbro specimens from the entire belt (Figures 1 and 2 ). The gabbro section was divided into five horizons, from the uppermost in contact with the diabase sheeted dike complex, to the deepest, reaching the Moho and the underlying mantle transition zone (MTZ) (Figure 2 ). Special attention was paid to the alteration of olivine at the contact with plagioclase. Ignoring the LT, greenschist facies alteration and the related lizardite serpentinisation, three facies of HT alteration were recognized.
[5] Orthopyroxene coronas between olivine and plagioclase are associated with brown pargasite amphibole, both surrounding olivine, although the brown amphibole also partially replaces clinopyroxene. Closure temperatures as high as 975°C, determined by using the plagioclase-amphibole thermometer, have been recorded in this amphibole Bosch et al. (submitted manuscript, 2002) , but other lines of evidence suggest that this hydrous alteration, therefore referred to as very high temperature (VHT), could have affected the gabbros soon after the last stage of their magmatic crystallization, at 1100 -1200°C, near the walls of the magma chamber. Here, the magma chamber is not restricted to the perched melt lens but is equated to the triangular domain of low seismic velocity as discussed below. The VHT alteration is homogeneously distributed at the scale of several thin sections. It is usually reduced to a necklace of alteration minerals around olivine, except in areas of intense tectonic activity at the ridge where, possibly due to water ingression, a complete transition from olivine gabbro to norite is recorded by progressive resorption of olivine by orthopyroxene [Lachize et al., 1991; Boudier et al., 2000] .
[6] Chlorite-pale amphibole coronas between olivine and plagioclase are also associated with partial replacement of clinopyroxene by the brown pargasite. Lecuyer and Reynard [1996] have identified some of the clinopyroxene as being secondary and related to HT alteration, assigning a temperature about 600-700°C to this alteration. Depending on the extent of the alteration, the chlorite-amphibole mixture ranges from a film around olivine, to total replacement, thus providing an estimation of the hydrothermal activity ( Figure 2 ). When present, this alteration is generally homogeneous at the scale of a thin section.
[7] Iddingsite(optically determined) replaces olivine subsequently to the preceding alterations. This medium temperature (MT) olivine replacement is always heterogeneous at the scale of a thin section and seems to be related to the vicinity of microcracks.
Microcracks
[8] The microcrack network described by Manning et al. [2000] in the Wadi Abyad section of the gabbro unit (Nakhl massif in the SE part of the O-UAE belt, Figure 1 ) consists of an intergranular network of closed cracks, identified by alignments of HT alteration minerals, principally amphibole ( Figure 3a) . Superimposed on this system, we have discovered a new network composed of straight and parallel microcracks, usually 0.1-0.2 mm wide, some of them being filled by the same alteration minerals as those met in the intergranular network (Figures 3b and 3c) . The nature and relative abundance of the microcracks vary in the following way.
[9] VHT microcracks are associated with the VHT mineralogy. They are not continuous, except in the unusual case of microcracks thicker than 0.2 mm (Figure 3b ). The presence of thinner microcracks is only recorded by alignments of orthopyroxene and brown pargasite. VHT microcracks are uncommon as seen from their frequency in Figure 4 .
[10] HT microcracks are, in contrast with the former ones, open and continuous being filled by the HT chlorite and pale amphibole (Figure 3c ) and the most common cracks.
[11] MT microcracks are associated with the MT development of iddingsite in olivine. They are also open fissures and they are common. They display a yellow and near isotropic filling which might be chlorite. Iddingsite migrates away from the microcrack at variable distances. This alteration postdates the preceding one and thus has been considered as developing at a lower temperature, however above the LT, greenschist facies conditions (400-500°C).
[12] Dense networks of microcracks thinner than 0.1 mm are also observed in many gabbros. They are commonly parallel to the 0.1-0.2 mm cracks and regarded as belonging to the same system, although a proper identification of their alteration facies is not always possible. On each side along the 0.1 -0.2 mm microcracks, an extensive hydrous alteration is measured over 1 mm in the host gabbro. As expected, wider (0.5 to 1 mm) microcracks develop alteration rims over a width of 2 to 5 mm. The MT microcracks, including those in the 0.1-0.2 mm range, develop a wider and irregular iddingsite alteration band, which is on average 4 mm on each side.
[13] The orientation of these various microcracks with respect to the gabbros foliation and lineation has been measured in two thin section planes, the standard (XZ ) plane which is normal to the S foliation and parallel to the L lineation (100 thin sections) and the (XY ) plane which is parallel to the foliation (70 thin sections), the microcracks orientation in this plane being measured with respect to the lineation direction. The results are reported in Figure 4 as separate histograms for VHT, HT, and MT microcracks. General histograms are summing these histograms together with greenschist facies (LT) microcracks and a number of cracks, generally thinner than 0.1 mm, the content of which could not be attributed to any alteration facies.
[14] The spacing between the 0.1 -0.2 mm microcracks is highly variable and has been estimated at around 1 crack every 100 mm. It would be smaller if the <0.1 mm networks were considered, but we neglect their contribution to the overall opening. In the discussion, we will consider 0.2 mm as the average width value. The microcracks to rock volume ratio is thus 0.2%.
[15] On the basis of infrared Fourier transform spectrophotometry data, Forneris [1997] has estimated the average water fraction in the gabbros at 0.10 wt %, with a fraction as high as 0.35 wt % in the vicinity of a HT microcrack. This 0.10 wt % value represents a minimum fraction of the water, which was fluxing through the gabbros during hydrothermal activity. Interestingly, this value is close to the fracture/rock volume ratio which has been estimated above and would be even closer in wt % if the fractures had not expelled some water. This coincidence validates the estimations about both the microcracks average width and spacing. It also suggests that the microcracks, which were filled by flowing water, efficiently trapped this water when they closed.
Hydrothermal Veins and Gabbroic Dikes
[16] Although the presence of gabbroic dikes in the layered gabbros of the O-UAE ophiolite is ubiquitous, we have selected 15 cross sections, following wadis, from six massifs of the belt (Figure 1 ). The main criterion for their choice was that the area under consideration is away from tectonically active ridge segments such as the tips of propagators, which can disturb the hydrothermal system [Boudier et al., 2000] . In the northern part of the belt, we have selected three sections and, in the southern part, 12 sections located in the central NW-SE large segment which are characterized by a thinner crust and two sections located in the Wadi Tayin massif belonging to the 1 Myr older Figure 2 . Major results on the distribution with depth of HT and VHT hydrothermal alteration in the ophiolite gabbros, based on compilation of 500 thin sections. The five levels of gabbro considered are referred in the scheme of fast spreading axis magma chamber (inset). The graph ''Ol core'' refers to whether the olivine is totally altered in the HT-VHT metamorphic assemblages or not; it illustrates the intensity of these high temperature alterations (simplified from Bosch et al. (submitted manuscript, 2002) ). See color version of this figure in the HTML. lithosphere of the NW-SE segment where the crust is also thicker [Nicolas et al., 2000a] . All wadi sections run from the Moho to the base of the sheeted dike complex, the only possible disturbance with respect to a normal hydrothermal activity being the intrusion of wehrlite bodies. Such intrusions occur very close to the edges of the magma chamber [Benn et al., 1988] , where HT hydrothermal activity may be expected. Being intruded as an olivine-bearing magmatic mush at 1200°C, the wehrlites could locally modify the thermal and mechanical state of the crust. However, Kawahata et al. [2001] , who have studied the geochemical effects of a wehrlitic intrusion in the middle part of the gabbro section using Sr isotopes, have shown that the intrusion affects the surrounding gabbros over distances of no more than 10 m. Accordingly, in wadis where wehrlitic intrusions had been identified, no measurements were made in their vicinity, which is also an area where the gabbro layering is distorted.
Description of Veins and Dikes
[17] We define veins as being essentially replacive in nature, being formed by the introduction of a fluid along a crack. This crack is generally no longer visible, being erased by the important metamorphic reactions developed in the country rock and along the vein. In contrast, dikes result essentially from the filling of a crack by a new material carried by a fluid or a melt. Hydrothermal veins belong to the LT alteration and the dikes are hydrous gabbros related to the HT-VHT alteration. LT veins have commonly borrowed the dike casing, either in the centre of the dike, or along both margins (Figures 5a and 5b) . Within the dike, they develop an important greenschist facies alteration, thus making identification of mafic dikes and hydrothermal veins not always straightforward in the field. A continuous transition along a single crack from a mafic dike to a hydrothermal vein is also observed in the field (Figure 5c ). 
. Hydrothermal Veins
[18] Nehlig and Juteau [1988] have described in detail in Oman the low-T, greenschist facies, described either as white veins being composed of prehnite, epidote (pistacite and/or thulite), chlorite and actinolite (Figure 5a ), or as green veins where a darker green amphibole predominates (Figure 5d ). They respectively correspond to lower (195-410°C) and higher (400-530°C) temperatures. They have been ascribed to the discharge hydrothermal circuit responsible for the black smokers activity at oceanic ridges.
Hydrothermal Microveins
[19] Contrasting in the field with the straight and centimeter wide hydrothermal veins, white and green microveins can be distinguished, relying on their width which is millimeter-sized, their irregular pattern and the absence of wall reactions (Figure 5e ). They might represent the LT recharge system and deserve further studies.
Gabbroic Dikes
[20] Gabbroic dikes are coarse-grained gabbroic dikes and sills composed of plagioclase, clinopyroxene and brown to green hornblende. They display clear structural and mineralogical affinities with both the hydrothermal veins and the HT hydrothermal alteration in their host gabbros. Seawater signature as demonstrated by Bosch et al. (submitted manuscript, 2002) rules out the interpretation accepted so far that they represent magmatic channels inside the magma chamber. They are the HT component of a comprehensive hydrothermal system developed at the ridge. The gabbroic dikes are a few centimeters across, coarse-grained to pegmatitic, and they commonly display a comb structure ( Figure 5b ). They are bordered by 10-20 mm wide high-T, exceptionally VHT, hydrothermal reaction rims which are observed even along the freshest dikes with no visible LT hydrothermal alteration subsequent to their intrusion. Though the spacing between dikes in the field is largely variable, the average distance between consecutive dikes, deduced from cumulated continuous cross sections, should be around 10 m. The sills grade from clear intrusions, with the typical attributes of dikes to irregular and diffuse pegmatitic gabbro patches, up to a few meters in their larger dimension (Figure 5f ). In the uppermost gabbros belonging to the sheeted dike root zone, dikes and sills which have been intensely altered by the HT hydrothermal activity, together with their host doleritic gabbros, grade into the so-called isotropic or vary textured gabbros.
Brown Pargasite Segregations
[21] The distribution in the field of the brownish pargasite, which appears black and glassy on the outcrop, is a key to tracing the origin of the gabbroic dikes. It is first observed at any level, in the host lower and middle gabbros, as large poikilitic patches, associated or not with similarly poikilitic patches of clinopyroxene and orthopyroxene. These patches contain small, aligned tablets of plagioclase, derived by corrosion from the larger plagioclase laths defining the magmatic foliation of the gabbro (Figure 5h ). Clinopyroxene oikocrysts are common in the upper gabbros where they seal the end of the magmatic flow and crystallization. They are partially replaced by pargasite and orthopyroxene oikocrysts, thus marking the transition from a dry to a wet environment at very high temperature. In the field, pargasite patches make also discontinuous alignments (Figure 5g ), which are parallel to and grading into gabbro dikes (Figures 5h and 5i), wherein this amphibole is interstitial or crystallizing as a peripheral outgrowth around clinopyroxene. The brownish amphibole is itself zoned with an outer rim of greenish hornblende.
Diabase Dikes: Relations With Veins and Gabbroic Dikes
[22] The gabbro sections are commonly cut by diabase dikes which have a chilled margins when intruded into gabbros already cooled below around 450°C and no chilled margins when intruded in gabbros still around 750°C [Nicolas et al., 2000b] . The latter type of diabase dikes tends to have a microgranular texture instead of the typical doleritic texture and to recrystallize as microgabbro. Diabase dikes, provided that they are large enough, are associated with LT hydrothermal veins, usually the green veins, which are parallel to them and extend, with an increasing spacing, up to a few meters on each side of the dike. This can be explained by a possible mechanical relaxation following the dike injection and cooling, which would facilitate seawater ingression. The association of gabbroic dikes with diabase dikes is less common but more puzzling. It occurs only with the HT diabase dikes and is restricted to basal gabbros near the Moho. It ranges from plating of the walls of a diabase dike, by an amphibole gabbro which was intruded in the same casing as the diabase (Figure 5j ), or from magmatic brecciation of the diabase dike by a gabbroic melt (Figure 5k ), to hydrous recrystallization of the diabase dike into a pargasite microgabbro (Figure 5l ).
Field Orientation of Hydrothermal Veins and Gabbroic Dikes
[23] The hydrothermal veins and gabbro dikes measured along the wadis shown in Figure 1 are represented in the stereonets of Figure 6 where they have been grouped by massifs. We have distinguished the diabase dikes intruding the gabbros and MTZ, which may have an attitude departing from the overlying sheeted dike complex, the gabbroic dikes and the LT hydrothermal veins, either white or green. All these dikes and veins attitudes are referred to the local orientation of the gabbro foliation and mineral lineation, as well as to the average attitude of the sheeted dike complex for the considered massif. Most commonly, the local and regional lineations plot near the pole of the sheeted dikes and the gabbro layering and foliation are only moderately inclined. Nearly all the dikes, either diabase dikes, gabbroic dikes or green and white LT veins are nearly parallel to the sheeted dike complex. This is in agreement with the conclusion from a general study in this ophiolite belt, which also includes the mantle unit [Nicolas et al., 2000a] . A more detailed analysis shows that the LT veins are more scattered than the dikes, displaying a subsidiary NS to NE-SW trend, with respect to the dominant NW-SE orientation which, in the work referred to above, has been related to a late ridge tectonic activity. In most massifs, including Hilti (Figure 6a ), Haylayn (Figure 6c) , and West Wadi Tayin in the younger NW-SE segment ( Figure 6f ) and East Wadi Tayin in the older N-S to NE-SW segment (Figure 6g) , it is observed that dikes and veins are parallel to the sheeted dike complex and that this complex is itself perpendicular to the magmatic lineation of the gabbro. Consequently, these massifs are not suited to address the question of whether the dikes and veins orientation is Figure 1 . Poles of hydrothermal dikes and veins (best axis, triangle) are referred to the average pole of sheeted dikes (square) and average lineation (dot) in each massif [Nicolas and Boudier, 1995; Nicolas et al., 2000b] . controlled by the dike complex or by the gabbro lineation; in other words, whether their orientation is controlled by the lithospheric tensional stress or by the deeper stress field which is responsible for HT flow near Moho level. In the other massifs, Sarami (Figure 6b ), Nakhl (Figure 6d ), and to some extent Sumail (Figure 6e ), where sheeted dikes and gabbro lineations are not perpendicular, no clear answer has been obtained for the gabbroic dikes because they commonly grade into sills with, as a result, blurred nets from which no clear pattern of dikes preferred orientation can be deduced. The LT veins, mainly the green ones, plot close to the sheeted dikes and to the diabase dikes intrusive into the gabbros, suggesting, as expected, that their orientation is controlled by ridge tensional stress.
Anisotropic Effect of Thermally Induced Strain
[24] The microcrack system, as dikes and veins, is on average perpendicular to the magmatic foliation and to the mineral lineation of gabbros (Figures 4a and 4b ). Because the gabbroic dikes and the microcracks were opened at HT, we want to test the possible control exerted on microfracturing by the anisotropy of thermal expansion, in the present case the thermal contraction occurring during the gabbro cooling when it is drifting away from the magma chamber.
[25] Lamoureux [1999] has measured the plagioclase lattice preferred orientation in 18 gabbros of the ophiolite. The fabrics are very consistent, becoming progressively stronger downsection. We have selected two fabrics in standard clinopyroxene, olivine gabbros issued from the middle gabbro section, which are representative of 10 samples (Figure 7 ). Both fabrics display a point maximum and a partial girdle of the [010] axis, perpendicular to the foliation plane, in keeping with the observation that the (010) flattening plane in plagioclase lies predominantly in the foliation plane. In the first and more common fabric (Figure 7a ), the [100] axis, which is generally the long axis of plagioclase tablets, is parallel to the mineral lineation. In the second fabric (Figure 7b ), present only in two specimens, the [100] axis clusters at right angle to the lineation. The remaining six fabrics correspond to a girdle of the [100] axis in the foliation plane.
[26] The thermal expansion of single crystal calcic plagioclase has an exceptionally large anisotropy (Figure 8a) . We used the crystallographic fabrics of plagioclase in our two gabbros to calculate the thermal expansion anisotropy of these specimens (Figures 8b and 8c) . The calculation of the thermal expansion anisotropy is presented in the appendix. Plagioclase represents 55% of these gabbros composition (clinopyroxene 27% and olivine 18%) and the contribution of the volumetric thermal expansion of olivine and clinopyroxene should be minor because of weaker preferred orientations. Therefore the two stereonets of Figure 7 , dealing only with plagioclase, represent a good proxy for the gabbros. Despite the fact that the [100] axis makes distinct angles with respect to the lineation in these two gabbros, the stereonets are not strikingly different, pointing to a comparable anisotropy with a large expansion coefficient along or close to the lineation direction and to a small coefficient perpendicular to the foliation plane. The interest being here in the behavior of cooling gabbros, and thus, in thermal contraction, this anisotropy corresponds to a larger contraction, generating a tensile stress which is parallel to this lineation and may be potentially responsible for fracturing perpendicular to the lineation.
[27] In cooling from magmatic conditions of approximately 1100°to a brittle-ductile transition temperature of 700°C [e.g., Manning et al., 2000] , the plagioclase undergo the largest thermal contraction parallel to the lineation. We can estimate the thermal strain (e x ) parallel to the lineation (X ) to be
where ÁT is the drop in temperature (1100-700°C) and a is the thermal contraction parallel to the lineation (6.85 Â 10 À6°CÀ1 ). In the direction normal to the foliation (Z), we have the minimum thermal strain of 1.70 Â 10 À3 and hence the relative thermal contraction strain parallel to the lineation is 1.04 Â 10 À3 . Although this is only an order of magnitude estimate, it is encouraging to note that it nearly coincides with the 2 Â 10 À3 brittle strain deduced from the width (0.2 mm) and spacing ($100 mm) of the microcracks, suggesting the microcracks could be of thermal origin. We could go one step further to estimate the thermal stress associated with thermal strain. We assume there is no significant plastic relaxation of the matrix surrounding the crystals, as there are no optical strain features present in the plagioclase grains; then the thermal stress (s X ) in a direction X is estimated by using the following relationship:
where E Ä is the Young's modulus in direction X. The Young's modulus in a given direction is calculated from aggregate elastic constants using a similar scheme to that outlined in Appendix A for second-order tensors (see Mainprice and Munch [1993] for details). If we take the difference between the maximum and minimum thermal stresses (s X À s Z ), then the maximum tensile stress difference is about 95 MPa, parallel to the lineation.
Discussion
[28] In this discussion, we try to integrate the results obtained on the HT hydrothermal system in the Oman gabbros into a physical model of hydrothermal circulation near an active oceanic ridge. Some of the questions addressed here are very complex and a single integrative model is clearly out of reach.
[29] 1. What are the physical processes which have generated the two HT hydrothermal channel systems described above, namely, the microcracks and the hydrated gabbroic dikes? Do they represent the recharge and the discharge systems, respectively, of the HT hydrothermal circulation and how do they relate to the well-documented LT hydrothermal system? Were the hydrated gabbroic dikes generated by partial melting near the walls of the magma chamber? In turn, how do the HT and LT hydrothermal systems relate to the ridge structure and tectonics and how fracturing can propagate into hot and deep gabbros? Figure 7 . Crystallographic fabrics of plagioclase referred to the foliation plane (horizontal line) and to the lineation (dot), in two gabbros from the middle section: (a) most common type (sample 90OA68, 147 measurements); (b) less common type (sample 90OF11, 189 measurements); (c) sketch of the structural framework representing the statistical relationships (see Figure 4 ) of microcracks with foliation S (or XY plane) and lineation l (or X direction). Measurements using electron back scattering diffraction (EBSD); Equal-area projections, lower hemisphere; contours at one multiple of a uniform distribution intervals. Data are from Lamoureux [1999] . [30] 2. Considering their limited opening, are the observed microcracks able to introduce into gabbros the water necessary to account for their alteration and in particular for the water/rock ratio of 0.3 to 1 and above estimated by Gregory and Taylor [1981] and Stakes and Taylor [1992] and now by Bosch et al. (submitted manuscript, 2002) . Related questions deal with the time constants implied in the microcracks activity and whether the HT hydrothermal circulation is permanent or episodic?
6.1. O-UAE Ophiolite Hydrothermal System in the Frame of an Active Oceanic Ridge
[31] An important aspect for the forthcoming discussion is the structure, both physical and thermal, of the lower crust below and near the ridge. In Figure 9 , we present our magma chamber model , which displays a flaring chimney and two elongated wings at depth. These features were inspired by the attitudes in the field of the gabbro magmatic foliations which, during flow in the magma chamber, froze parallel to its walls, thus making it possible to model the shape of the magma chamber [Chenevez et al., 1998 ]. The flaring shape upsection is now confirmed by a seismic tomography study of the lower crust of the EPR [Dunn et al., 2000] . In contrast with this study where the two wings at depth are located within the mantle, in our model they are located in the lower crust. This was imposed by the flat attitudes of magmatic foliation and layering in the lower gabbros.
[32] Dunn and his coauthors ascribed the flaring of the magma chamber walls to the effect of a very active deep and hot hydrothermal circulation close to the ridge, an assumption which had already suggested for the shallower LT hydrothermal circulation by Williams et al. [1979] and Fornari and Embley [1995] because the black smokers are aligned right along the ridge axis.
[33] It is an important question to know how far the hydrothermal circulation extends away from the ridge axis. This question applies to both the LT and the HT systems, which are not necessarily coupled. A general prediction about how far the two systems can be active should be derived from their respective temperature range and from . Model of deep HT seawater circulation at a fast spreading ridge (inset) inspired from structural studies in Oman and a numerical modeling [Chenevez et al., 1997] . The model is now modified to incorporate in a qualitative way the new results on hydrothermal circulation. Double lines indicate microcracks recharge circuit; thick solid lines indicate mafic dikes and veins discharge circuit. See color version of this figure in the HTML. the thermal structure near the ridge. The LT hydrothermal alteration operates in gabbros which have cooled below $500°C, the HT alteration, in gabbros between $500°C and $800°C and the VHT alteration, above 800°C and up to !1000°C. The main difficulty with any prediction is not that these temperature estimates are approximate but that thermal structure is poorly known. This structure depends on the relative importance of conductive/convective heat transfer, a ratio known as Nu, the Nusselt number. As the convective part depends on the hydrothermal circulation, the thermal structure is unknown, unless independent sources of information about hydrothermal circulation are available. We look for this information into the gabbros, referring to descriptions in (Bosch et al., submitted manuscript, 2002).
[34] The extension at depth of the HT and VHT alterations is analyzed in Figure 2 . It shows that the uppermost gabbros are totally affected by the HT alteration and that over 70% of the upper to middle gabbros are still largely affected. Considering the steep walls of the magma chamber in upper gabbros (Figure 2 ), this alteration reflects an intense HT hydrothermal circulation very close to the ridge axis. Telescoping of the isotherms in this domain may explain why the VHT alteration is limited. In the lower gabbros, nearly 50% of the gabbros are not affected by any high temperature alteration, 40% display a limited HT alteration, and 30% an even more limited VHT alteration, associated or not with the HT alteration.
[35] In O-UAE gabbros, LT hydrothermal veins are observed at all levels including the deepest layered gabbros. The question is whether this LT alteration was imprinted in these gabbros at some distance from the paleoridge or during the cooling of the ophiolite. Because this ophiolite has cooled in situ for $1 Ma before its oceanic detachment , the 500°C isotherm just below the dying ridge axis had a time sufficient to sweep down to the Moho where it could develop the documented LT alteration. Incidentally, this low temperature in the thrusting slab excludes the possibility that the HT-VHT hydrothermal alterations be related to the oceanic detachment and thrusting. However, the LT alteration is also observed in a lithosphere which, being at a distance of over 20 km from the paleoridge, had enough time while drifting away from the ridge axis to cool to 500°C at the Moho level. It is therefore safe to conclude that the LT hydrothermal alteration attained the lowermost gabbros during the steady state spreading of the ophiolite.
[36] In most thermal models, the $500°C isotherm which is necessary to develop this LT alteration crosses the Moho between 0.5 and 2 Ma. Some recent thermal models have introduced a condition of hydrothermal cooling within a few kilometers from the axis [e.g., Lin and Parmentier, 1989; Cochran and Buck, 2001 ]. The latter model, with a Nu of 10 in the upper gabbros, achieves a vigorous hydrothermal circulation in the upper part of the crust but keeps conductive conditions below, in keeping with the conclusions derived from Figure 2 . This results in LT hydrothermal alteration developing in lower gabbros as early as 0.3 Ma after accretion. With a half spreading rate of 5 cm yr À1 , which seems reasonable for this ophiolite [Nicolas et al., 2000b] , this hydrothermal circulation attains the Moho at 15 km from the ridge axis. In the magma chamber sketch of Figure 9 , we conclude that the HT and VHT alterations have developed as far as 10-20 km from the ridge axis, that is, at distances ranging from the axis vicinity to beyond the tips of the magma chamber.
[37] LT hydrothermal convection at 10-20 km from the ridge axis has been documented in active ocean ridges, either related to hydrothermal megaplumes or to sedimenthosted hydrothermal systems as described in Juan de Fuca by Fornari and Embley [1995] or to hydrothermal mound fields aligned along normal faults near the Galapagos rift [Williams et al., 1979] ; there the regularly spaced vents apparently result from an extensive convective system extending to appreciable depth in the lithosphere, in agreement with the conclusions derived here.
[38] In summary, the HT alteration is intense in O-UAE upper gabbros near the ridge axis, and associated with a limited VHT alteration, it extends with waning effects in lower gabbros down to the Moho and at distances up to 10-20 km away from the axis (Figure 9 ).
Microcrack Systems and Hydrothermal Alteration in Gabbros
[39] Manning et al. [1996, 2000] have described a network of HT hydrous alteration following the grain boundaries, which they ascribe to a tectonic regime of semibrittle deformation active at 700 -825°C. They oppose this lowporosity, conductive system to the high porosity, convective system of large fractures, which is associated with the LT hydrothermal system. Our observations lead to emphasize the existence of a microcrack system, coeval with, or superimposed on the grain boundary network of Manning and his coworkers but composed of parallel microcracks mostly at a high angle to both the foliation plane and to the lineation of the gabbro and usually 0.1 -0.2 mm wide. Because they are filled with the same alteration minerals as those present in their gabbro matrix, it is assumed that these cracks are primarily responsible for the gabbro alteration, from the VHT to the LT facies. As the VHT and HT alteration facies are dominantly pervasive at the thin section scale, we suggest that water which had been introduced discontinuously along these microcracks was injected from there along grain boundaries, thus progressively invading the host gabbro. When the gabbro temperature has dropped to the MT and LT conditions, alteration no more invades the gabbro and it extends on each side of the microcrack over a distance of only a few millimeters, as typically tracked by iddingsite.
Microcracks and Gabbroic Dikes
[40] An evolution at decreasing temperatures is deduced from the continuity observed in the field from pargasite patches developing in gabbros, to pargasite seams and gabbroic dikes where pargasite is progressively altered by a green hornblende and eventually grading from there into LT hydrothermal veins. It is concluded that gabbroic dikes and LT veins represent the discharge system and that, consequently, the microcracks correspond to the recharge system ( Figure 9) . A simple reasoning based on temperatures of formation would conduct to the same conclusion, as temperatures in the recharge circuit cannot be above those of the discharge circuit; in this respect, microcracks ETG record temperature conditions below the hydrous solidus and gabbro dikes, above it.
Origin of the Gabbroic Dikes by Hydrous Melting
[41] We consider here only the amphibole-bearing gabbroic dikes and not the diabase dikes recrystallizing into microgabbros, which are thought to represent late basaltic melt intrusions. These diabase dikes can be traced downsection into olivine gabbros and websterite dikes, which are ubiquitous in the mantle section [Nicolas et al., 2000a] . The hydrated gabbroic dikes root in the gabbros and result from the filling of a crack by crystals deposited by a fluid, either a hydrous solution or a melt. Deciding between these two possible fluids relies on indirect observations. Although the well-documented transition between the dikes and the LT hydrothermal veins would argue for a hydrous solution as the deposition agent in HT dikes, many other observations militate in favor of a magmatic origin. First, there is a physical continuity and a mineralogical similarity between these dikes and their host gabbros considered as magmatic. This is observed both in the root zone of the sheeted dike complex where the gabbroic dikes grade into isotropic and vary textured gabbro masses [Reuber, 1988] . In their source zone, the hydrous gabbro dikes also seem to have a viscosity in the same range as their host gabbros which, themselves, are not yet fully crystallized. This is suggested by observations of the host gabbro magmatic foliation swinging at the dike contact or around pargasite oikocrysts (Figure 5h ). In the crystallizing gabbros, development of orthopyroxene and pargasite oikocrysts at the expense of clinopyroxene oikocrysts would trace the transition from dry to wet magmatic conditions.
[42] For these reasons, it is suggested that the gabbroic dikes derive from the injection of a hydrous melt in the still hot gabbros drifting away from the magma chamber. As suggested by the recurrent observation of recrystallized pockets within the layered gabbros with coarse pargasite crystals (Figures 5f and 5g) , this melting would be triggered by the locally large hydration by seawater of the gabbros near the wall of the magma chamber (Figure 9 ). The melting curve of a wet basalt has a negative slope, being crossed at 950°C in the highest gabbros and around 900°C in the lower gabbros and the first melts are plagiogranitic [Spulber and Rutherford, 1983] . Such plagiogranites are ubiquitous in the highest gabbros and in root zone of sheeted dikes in Oman [Rothery, 1983; Juteau et al., 1988; Nicolas and Boudier, 1991] , in many other ophiolites and in the oceanic crust, where they have been interpreted as resulting either from wet anatexis of hot gabbros or from the final product of crystallization of a basaltic melt [Spulber and Rutherford, 1983] . Plagiogranites are quite uncommon in the lower gabbros, in particular being exceptionally associated with the hydrated gabbro segregations inside layered gabbros considered here. Their constitutive minerals are also remarkably absent along the VHT microcracks, although these gabbros were above the wet solidus. A possible explanation may be given by J. Koepke's (personal communication, 2003 ) recent experiments on hydrous melting of mid-ocean ridge basalt in our pressure range, which show that starting at 900°C, the hydrous melting generates from 950°C and up to 1020°C, a fraction which is large enough (between 20 and 50%) to directly yield a mafic melt. We conclude that the large hydrous melting locally required near the walls of the magma chamber in order to account for the generation of a gabbroic hydrated melt may have erased the traces of the incipient plagiogranitic melt. Obviously, more detailed studies on this topic are now requested.
Fracturing Mechanisms
[43] The preferred common orientation of gabbroic dikes, LT hydrothermal veins and microcracks, which is parallel to the sheeted dikes complex and normal to the mineral lineation in the enclosing gabbros suggests that in most localities the hydrothermal system is made of fractures parallel to the ridge plane. Such a remarkable common orientation depends on the fracturing mechanisms implied and on the tectonic environment. LT hydrothermal veins propagate downward because the spreading-related tensional stress is high enough to fracture the medium [Lister, 1974] . The veins preferred orientation parallel to the ridge is determined by this stress. If the fracture is open to the seafloor, the pressure at the tip is P = rgz = 10 MPa km À1 , the seawater pressure. Because of stress relaxation, the fracture may close upsection and the pressure may rise but it cannot exceed the solid pressure and become active in fracture propagation. Once the critical point for seawater is transgressed (above P = 30 MPa and T = 400°for seawater [Anderko and Pitzer, 1993] ), the pressure increase with depth inside an open fracture is reduced in proportion of the reduction in density, which is around one third of water density [e.g., Wilcock, 1998] . If the fracture closes upsection and if the fluid is further heated by its wall gabbros, overpressure can develop. This may help to propagate the crack by hydraulic fracturing. Thus, at least up to 550°C which is the cracking front limit from Lister [1974] and possibly up to $700°C, the brittle-ductile limit from Manning et al. [2000] , the orientation of the HT cracks should be controlled by the tectonic stress.
[44] Between $700°C and 900°C, as fractures are also perpendicular to the lineation, we infer that they are controlled by the anisotropy of thermal contraction, independently of any lithospheric stress. We have estimated above that cooling from 1200°C, the magma chamber temperature, to 700°C produces, in the lineation direction, a tensile stress of 95 MPa and a strain of 0.1%, provided that there is no plastic relaxation during the cooling event. Between 900°C and 1000-1100°C, the temperatures near the wall of the magma chamber, where they root, the VHT fractures remain normal to the lineation and might be favored by the stress field associated with magmatic flow in the underlying magma chamber. In this temperature range, the active microcrack might be able to cool its own walls over a distance sufficient to reactivate thermal fracturing; this distance has been estimated above as 2 Â 10 3 the microcrack width (50 mm for a 0.2 mm microcrack). Assuming that the fluid is flowing fast enough to maintain a constant 500°C temperature near the tip of the fracture, a condition which might be realistic (see below), the time necessary to cool to 700°C the walls of a microcrack over 50 mm, in a gabbro initially at 1000°C, is obtained by solving the diffusion equation:
with distance x = 5 Â 10 À2 m, thermal diffusivity of wall rock K = 5 Â 10 À6 m 2 s
À1
, T = 700°C, T 1 = 500°C, T 0 = 1000°C. The calculated time is t $ 1 hour. Keeping in mind that this result requires a fast fluid velocity and consequently a high fluid budget, it is conceivable that a microcrack may contribute to its own propagation by cooling its walls. During waning activity of the microcrack, wall temperature may rise again in a comparable time. At VHT, the microcrack would close by plastic relaxation on timescales of hundreds of years (see below) and overpressure in supercritical water would develop, resulting in crack propagation by hydrofracturing. The high chemical activity of this fluid may also help fracture propagation.
[45] Another consequence of the rapid sealing of VHT microcracks is that the hydrated gabbroic dikes which formed in the same environment, near the walls of the magma chamber and at wet solidus temperatures, need to open new fractures whose orientation remaining perpendicular to lineation is possibly controlled by the magmatic flow in the underlying magma chamber. Because of the 0.2 density contrast between melt and country rocks, hydrofracturing is a good candidate to account for their injection. Upsection, they are connected to the LT hydrothermal veins as seen in the field (Figure 9 ).
Time Constraints
[46] We explore now two distinct ways in order to introduce time constraints on microcrack activity. We find encouraging that they converge to suggest that short times are sufficient to account for the considered effects.
[47] A first approach consists in using the properties of oxygen self-diffusion, referring to the coefficient which was measured in anorthite by Giletti et al. [1978] . As mentioned above and developed by Bosch et al. (submitted manuscript, 2002) , the original oxygen stable isotope composition has been modified by the hydrothermal circulation in various proportions, pointing to water-rock ratios generally lower than unity in the deep parts of the gabbro section. We assimilate here the average 80% anorthite composition of O-UAE gabbros to pure anorthite and ignore the effects of the other minerals in the gabbro, clinopyroxene and olivine, which together represent 45% of the gabbro mode. This latter assumption is validated by Lecuyer and Reynard [1996] , who show that in the Hess Deep gabbros stable isotope equilibration depends mainly on plagioclase because of the more sluggish oxygen self-diffusion in clinopyroxene, in agreement with Gregory and Taylor [1981] earlier (1981) results obtained in the Oman gabbros. Both groups also conclude that in the HT conditions considered here, water/rock mass ratios as low as 0.2À1 are sufficient to account for the modified stable isotope signature of the gabbros. Using Giletti et al.'s diffusion coefficients for a HT reaction occurring at 800°C, we made an estimation relying on the assumption that the fluid was injected under pressure along grain boundaries (Figure 3a) , from the active microcrack wall to a distance at least as large as the 50 mm separating two adjacent microcracks. This assumption is justified by the observation that the altered grain boundaries do not cluster along microcracks and are observed throughout thin sections, that is, at distances at least comparable to the microcrack spacing. If this assumption is correct, the water should be rapidly in contact with crystals and the diffusion distance is thus reduced to the radius of plagioclase crystals if complete equilibration is attained or to an outer rim if equilibration is incomplete. Assuming diffusion to the core of crystals leads possibly to an overestimation of the reaction time. In order to derive the time t of reaction, we calculate the diffusion coefficient D from
À11 m 2 s À1 and Q = 110.1 kJ mol À1 [Giletti et al., 1978] and for a temperature of 800°C,
To obtain t, this value is now substituted into
where the diffusion distance d = 0.2 mm is deduced from the average plagioclase tablets smaller radius [Lamoureux, 1999] . With these data, the time of reaction is estimated at 20 years. Assuming that the solid-state diffusion distance is 50 mm, the distance between two microcracks, would result in a unrealistic time estimation of 1 Myr.
[48] We observe that this 20 year figure is in the range of rates predicted for general hydrothermal reactions at HT by Wood and Walther [1983] . Zharikov and Zharaisky [1991] , however, report experiments conducted on hydrous diffusion in granites at 400 -600°C and 100 MPa, which developed metasomatism over distances of 1 to 10 mm in times of 0.1 to 1 year. Lister's [1974 Lister's [ , 1983 mechanical modeling of crack propagation through the oceanic crust also results in times of a few hundreds years for full penetration of the crust, although his model of large cracks propagation may not apply to the present situation of HT, minute microcracks as already discussed by Manning et al. [2000] . In contrast with these estimates, Manning et al. [1996] propose 6000 years for the duration of a single hydrothermal event. Because their estimation relies on sources comparable or similar to ours, it needs to be discussed further. They ascribe the HT water penetration only to the grain boundary microcrack network (Figure 3a) and conclude that the rate controlling process is not the metamorphic reaction occurring at grain boundaries, which would be completed in days or months. It would be transport through the microcrack network, which they regard as being conductive and not advective as we did above. Because their investigation was limited to a single section in Oman, two significant data are missing in their study. The first is that the HT alteration is not unique and consequently that alteration did not occur within a narrow T interval; this is shown by the superimposition of HT and VHT reactions which has been repeatedly recorded in lower and middle gabbros (Bosch et al., submitted manuscript, 2002) . The second one is the existence of the straight and parallel network of microcracks (Figures 3b and 3c) , complementing the grain boundary network discovered by these authors; its wider opening and well-developed reaction margins prove that it was the main fluid channel at HT and VHT. The large range of alteration temperatures questions the analysis proposed by Manning and his coworkers and the existence of the straight microcrack system implies advective flow conditions at least at this level, thus reducing drastically the time involved in the HT alteration.
[49] It should be realized, however, that the 20 year figure estimated above is the time of reaction of the gabbro in presence of renewed seawater. The full period of activity of a microcrack might be much longer if, as envisaged below, seawater is injected episodically through the microcrack.
[50] A second approach consists in estimating the time necessary to close a VHT microcrack by plastic relaxation, recalling that most cracks are now sealed. This is in keeping with Kelley and Delaney's [1987] study concluding that HT fluid inclusions, which are aligned along microcracks, closed by plastic relaxation in a regime where the pressure within the cracks was no more hydrostatic but approaching the lithostatic conditions. We use the model presented by Maaloe [1998] , who, building on previous analyses on closure of melt lenses by viscous relaxation, proposes
with v c the closure rate, a the length of the crack, h the viscosity, P f the fluid pressure inside the crack, and P l , the confining pressure.
[51] We assume a crack length of 1 m, which is in the range of comparatively large microcracks visible in the field (Figure 5e ) and estimate a viscosity of 10 20 Pa s for a gabbro at 1000°C, using the relation between temperature and viscosity proposed for gabbros [Chenevez et al., 1998 ]. Finally, in the absence of better constraints, we introduce two overpressure estimates, 1 and 10 MPa. With the first overpressure value, v c = 2.5 Â 10 À15 and 2.5 Â 10 À14 m s
À1
with the second value, corresponding for the closure of a microcrack with a half width of 0.1 mm wide, in times of 1000 years and 100 years, respectively. Considering all uncertainties carried by these estimates, the 100 -1000 years time necessary to close a VHT microcrack compares with the life span of an active microcrack which is at least 20 years but probably much longer if activity is episodic. This comparison supports the assumption about the possible capture of the fluid in sealed cracks, triggering the development of overpressure and further cracking.
[52] With the same geometry and in gabbros at 600 -800°C, a temperature range which corresponds to a viscosity of 10 21 Pa s in gabbros, the closure time of HT microcracks is estimated at 10,000 years for an overpressure of 10 MPa and 100,000 years for an overpressure of 1 MPa. This time range would explain why the HT microcracks are seldom sealed. Within the 20 years of cumulated microcrack reaction with seawater, the rapid crystallization of amphibole and chlorite in the crack could also impede crack closure. In the grain boundaries microcracks that they studied, Manning et al. [2000] record distinct amphibole compositions depending on the mineral phases in contact. From this spatially limited chemical equilibration, they also conclude to short reaction time in microcracks.
Flow Velocity in the Microcracks
[53] The fluid velocity v f through HT microcracks can be estimated by comparing the flux È g of gabbro issued from the ridge to the flux of seawater È f necessary to account for the seawater/rock ratio determined by the oxygen stable isotope studies (Figure 10 ). We calculate the fluxes for a unit length along ridge axis:
with u the half spreading rate, taken here as u = 5 cm yr
); h the gabbro section height, h = 4000 m; and r g the gabbro density (3 Â 10 À3 kg m
À3
) and
with w = 2 Â 10 À4 m, the microcrack average width; r f the fluid density; and n the number of simultaneously active microcracks. The last two parameters need to be discussed further. The starting fluid is supercritical seawater which is either a liquid or a mixture of vapor and a salt-rich brine [Kelley and Delaney, 1987] , depending on the PT conditions. Its density is unknown though not critical in the present situation; we adopt that of pure supercritical water, which is one third of liquid water. We deduce n, the number of active microcracks, from the estimation made above that a given microcrack was active during a minimum time of 20 years; during this time lapse, for the half spreading rate of 5 cm yr À1 , the microcrack has moved along a section of 1m in newly accreted gabbros. With the average 0.1 m spacing between microcracks observed in gabbros, n = 1 m/0.1 m = 10.
[54] As was discussed above, the fluid/rock ratio deduced from HT exchanges in oxygen isotopes is 0.2 to 1. For the sake of simplicity, we adopt here the ratio 1. Choosing a ratio of 0.2 would reduce v f in the same proportion. With the ratio 1, we have È g = È f ; hence v f = È g /(nwr f ). From this, we derive v f = 3.2 Â 10 À2 m s
À1
. This is a fluid velocity through microcracks averaged over their 20 year minimum life span, but it should be emphasized that microcracks are probably active over much longer times, thus increasing the number of simultaneously active cracks and decreasing in the same proportion the averaged fluid velocity. However, the estimated velocity is a typical propagation value for subcritical (also known as stable or quasi-static) crack growth that occurs in silicates at relatively low stresses and is favored by high water chemical activity Figure 10 . Comparing the flux of gabbros (È g ) accreted with a half spreading rate (u) and for a unit length, with that of seawater (È f ) crossing through n microcracks, which are active at the same time.
(i.e., high water pressure) and high temperature as it is thermally activated [Atkinson, 1984] , one might expect it to occur in hydrothermal environment. It is interesting to compare it with the instantaneous velocity v i an active microcrack.
[55] It is inferred that microcracks are maintained opened by extensive forces (lithospheric extension and thermal contraction). We assume here that the velocity v i of the fluid within a microcrack results from a balance between the driving overpressure and the viscous drag as in the general formula for steady state fluid flow in a planar conduit:
with P f the fluid pressure and P l the confining pressure, w = 2 Â 10 À4 m the microcrack diameter, and h the viscosity of the fluid. In a hypothetic fissure opened from the seafloor down to the middle to lower gabbros, the pressure is that of the fluid column above the considered area; for the sake of simplicity, we assume here a tensile environment such as the fracture has been opened, reducing P l to zero and leaving P f as the weight of a water column 4000 m high, creating a pressure P f = 40 MPa. As seen above, the HT microcracks may be in the field where seawater parts into a vapor and a brine with a salt concentration 10 times that of seawater; the vapor/brine ratio would be between 2 and 36 [Kelley and Delaney, 1987] . The viscosity of this fluid is unknown. In these narrow microcracks, it might be possible that the fluid is not an emulsion of brine in a vapor and that the brine droplets may clog the microcrack or that the vapor has escaped and that the fluid is solely brine. Motion could be controlled by that of the more viscous brine and, as a gross assumption, we take the viscosity of water, that is h = 10 À3 Pa s. With these data, the steady state fluid velocity is v i $ 100 m s À1 . This very high velocity can be somewhat reduced recalling the uncertainties affecting both the driving pressure and the fluid viscosity but, at the best, it would remain in the 1-10 m range and would compare with that of unstable crack propagation at high stress, above the critical stress intensity factor that is associated with seismogenic rupture.
[56] Comparing the two velocities of fluid in microcracks, v f = 3.2 Â 10 À2 m s À1 and v i = 1 to 100 m s
, their large discrepancy points to the significant conclusion that the crack activity needs to be discontinuous. Short periods of active fluid flow with high velocities are followed by long periods of quiescence. This episodicity, also predicted by Kelley and Delaney [1987] , is compatible with the plastic relaxation of VHT microcracks on a timescale of 100 -1000 years, as estimated above.
Conclusion
[57] Complementing a comprehensive petrological and geochemical study of the HT and VHT hydrothermal alteration of the O-UAE ophiolite gabbros (Bosch et al., submitted manuscript, 2002) , the present study aimed at presenting the various fracture networks related to the hydrothermal plumbing and discussing their role, in the frame of the paleoridge activity of the O-UAE ophiolite.
[58] The most important result is the discovery of a new HT-VHT hydrothermal circulation system. It is composed of a microcrack network, ascribed to the recharge circuit and of a hydrated gabbroic network representing the corresponding discharge circuit; both are remarkably parallel to the LT hydrothermal veins to which the hydrated gabbro dikes are directly connected. All these fracture networks are parallel to the overlying diabase sheeted dikes and also perpendicular to the mineral lineation measured in the country rock gabbros. They are thus parallel to the paleoridge plane and in the expected tensional plane of both the lithospheric and the asthenospheric stress fields. Both the LT and HT-VHT circulations are very active in the upper gabbros just beyond the limit of the melt lens, located above our magma chamber. They, both, extend downward and away from the ridge with a waning activity to distances of some 20 km, following the walls of the magma chamber (Figure 9) .
[59] The deep seawater recharge, through HT-VHT microcracks, may have implied the relay of three possible tensile stresses: first the ridge-related lithospheric tensile stress which is progressively relayed at depth and above the brittle-ductile limit, where the lithospheric stress becomes inefficient, by thermally induced contraction. As shown by a petrofabric and petrophysical study, the gabbros have a strong anisotropy of thermal contraction, which is largest in the direction parallel to the lineation. Differential thermal strain, during cooling from 1100°C to 700°C, would be large enough to open microcracks normal to the lineation. The calculated thermal strain is in agreement with the brittle strain which has been estimated from the width and spacing of the microcracks in gabbros. Finally, deeper and at higher temperatures where the thermal contraction progressively looses its efficiency, the last relay is, possibly, the stress related to viscous flow in the underlying magma chamber and uppermost mantle. At VHT temperatures, microcracks tend to close by plastic relaxation in times of only hundreds of years. This could result in overpressure-related hydrofracturing, which would facilitate further fluid penetration.
[60] The HT-VHT recharge system penetrating down to the walls of the magma chamber, at around 1000°C, can locally trigger hydrous melting in the gabbros. Hydrated recrystallization pockets observed in layered gabbros are probably the source for the hydrated gabbroic dikes, which represent the HT-VHT discharge circuit, being relayed, above, by the well-known LT hydrothermal veins.
[61] Eventually through simple numerical estimations, it is shown that the high temperature recharge system constituted by the microcracks is able, in terms of flux of the hydrothermal fluid, to account for all available data, in particular the high water/rock ratios, which have been estimated by isotopic geochemistry. Short time constants (20 -1000 years) seem to be associated with the microcrack activity, which should be episodic. This conveys the picture of bursts of ephemeral microcracks, opening, closing and relaying one the other to increasing depths, thus allowing supercritical seawater to penetrate down to the Moho near the ridge.
Appendix A
[62] We used the fabric data of the plagioclase from the Oman gabbros to evaluate the thermal expansion of the gabbro. The calculation procedure for second-order tensor physical properties, such as thermal expansion, is (1) the grain orientation (or rotation) matrix (g ij ) is defined by the three Euler angles from the EBSD diffraction pattern, (2) the single-crystal tensor property (T ij ) is rotated into the grain orientation using T 0 ij = g ik g jl T kl . And (3) the tensor property for each grain (T (4) the aggregate tensor property hT ij i can then be evaluated (T ) in any direction (X i ) by
An almost identical procedure can be used for tensorial properties of fourth order [e.g., Mainprice, 1990] . The thermal expansion is a strain which is represented by second rank tensor. The coefficients of thermal expansion tensor a ij depends on temperature. The principal thermal expansion coefficients (a 11 , a 22 , a 33 ) define the axial lengths of a representative quadric (ellipsoid or hyperboloid). In the case of a triclinic mineral, such as plagioclase, the axes of the quadric are not parallel to low index crystallographic axes. For the composition of plagioclase the closest to our samples for which the coefficients have been determined (An76, Crystal Bay, Minnesota) a 11 = 11 Â 10 À6°CÀ1 , a 22 = 6 Â 10 À6°CÀ1 and a 33 = À1 Â 10 À6°CÀ1 parallel to [833] , [755], and [588] , respectively [Willaime et al., 1974] for the temperature range 25-600°C. By calculating the angles between the principal thermal expansion directions and right-handed orthogonal Cartesian axes used for the Euler angles we can transform the principal values to a thermal expansion tensor (a ij ) with same crystallographic reference axes as the Euler angles.
